The monitoring, modeling, and prediction of storm events and accompanying heavy rain is crucial for intensively used agricultural landscapes and its settlements and transport infrastructure. In Saxony, Germany, repeated and numerous storm events triggered muddy floods from arable fields in May 2016. They caused severe devastation to settlements and transport infrastructure. This interdisciplinary approach investigates three muddy floods, which developed on silty soils of loess origin tending to soil surface sealing. To achieve this, the study focuses on the test of a historical forecast modeling of three muddy floods in ungauged agricultural landscapes. Therefore, this approach firstly illustrates the reconstruction of the muddy floods, which was performed by high-resolution radar precipitation data, physically-based erosion modeling, and the qualitative validation by unmanned aerial vehicle-based orthophotos. Subsequently, historical radar precipitation forecasts served as input data for the physically-based erosion model to test the forecast modeling retrospectively. The model results indicate a possible warning for two of the three muddy floods. This method of a historical forecast modeling of muddy floods seems particularly promising. Naturally, the data series of three muddy floods should be extended to more reliable data and statistical statements. Finally, this approach assesses the feasibility of a real-time muddy flood early warning system in ungauged agricultural landscapes by high-resolution radar precipitation forecasts and physically-based erosion modeling.
Introduction
The monitoring, modeling, and prediction of storm events and accompanying heavy rain is not only crucial for urban areas, but for agricultural landscapes and its settlements and transport Reinhardtsdorf-Schöna is located in the Elbe Sandstone Mountains and is crossed by the river Elbe in the northeastern part ( Figure 1b ). The long-distance Dresden-Prague railway line runs parallel to the river Elbe. Adjacent to it is the steep and wooded slope of the Elbe Valley. The highest point of the study area features the rocks of the mountain 'Kaiserkrone' 335 m above sea level, whereas the central part is gently sloped. These gently sloped areas are used as cropland. At the DWD station Lichtenhain-Mittelndorf, which is situated 5 km to the north, the mean annual precipitation is 839 mm, and the mean annual temperature is 8.4 • C [22] . The study area belongs to the soil region of mountainous and hilly regions with high sandstone amounts. Therefore, the soils on the underlying hard or loose rock are relatively shallow. The soil texture of the wooded slope consists of pure sand, whereas the gently sloped agricultural lands are comprised of weak clayey silt [23] . The latter tends to strong soil surface sealing [5] . The corresponding soil type of the forest is classified as a Podzol, while that of the fields is a loess Luvisol [23] .
The second study area is located in the lower Eastern Ore Mountains. Its northeastern part comprises a part of the small town Oberbobritzsch, which is crossed by the stream Bobritzsch (Figure 1c ). The terrain slightly rises to southwest. It is dominated by agriculture and divided by a district road. At Oberbobritzsch, the mean annual precipitation is 850 mm [24] , and the mean annual temperature for this region is 8.2 • C [22] . Mostly, the texture of the shallow soils on underlying gneiss comprise sandy-loamy silts and silty-loamy sands [23] . Especially the sandy-loamy silts pertain to the soils tending to middle and strong soil surface sealing [5] . The corresponding soil type of these soil textures is classified as Cambisols of silt and/or grit [23] .
High-Resolution Radar Precipitation Data and Forecasts

Data Description
This study utilizes the high-resolution spatio-temporal radar precipitation data of the RADOLAN procedure, the RADKLIM project, and the radar precipitation forecasts of the RADVOR of the three muddy floods.
The term RADOLAN stands for the German term RADar-OnLine-ANeichung, meaning radar online adjustment. This procedure comprises a wide range of real-time, area-wide radar precipitation products in different processing steps and temporal resolutions. These remotely and indirectly measured radar products range from 5-min time steps over 1 h to 30 days, and have a spatial resolution of 1 km 2 [25] . Thereof, the hourly radar precipitation product is called RW, and is adjusted by rain gauge data operationally every 10 min [26] . The 5-min products RZ and RY are used by this study (see Table 1 ). Though they are unadjusted by rain gauge data, the RZ-product provides more plausible data in cases of high amounts of precipitation [11, 19] . In contrast, the RY-product is quality tested by further radar errors [25] and of higher quality in cases of little to moderate precipitation [11, 19] . Furthermore, RY has the best quality, which is currently possible due to it being solely generated by radar data [11] . Both real-time radar precipitation products help assess the new 5-min YW-dataset of the RADKLIM project [20] (see Table 1 ) with regard to the suitability of precipitation for the reconstruction modeling of the three muddy floods. RADKLIM is the abbreviation of the German term RADarKLIMatologie, meaning radar climatology. These high-resolution radar-based precipitation rates form the basis for the climatological analysis of precipitation extremes in Germany. They comprise RADOLAN data, which is completely new and processed with the latest version of the RADOLAN procedure covering the time period from 2001 until 2017. Thus, the 5-min YW-products are reprocessed radar precipitation data being quasi-calibrated with the hourly, gauge-adjusted RW-product [27] (see Table 1 ). Furthermore, this study involves historical real-time radar precipitation forecasts of the RADVOR procedure for testing the historical forecast of the muddy floods. The term RADVOR is abbreviated from the German RADar-NiederschlagsVORhersage, meaning radar precipitation forecast. These high spatio-temporal radar precipitation forecasts have lead times up to 2 h. The idea of nowcasting-short-term forecasting-is to identify and track similar precipitation structures in radar-based precipitation images. Subsequently, this displacement is determined and extrapolated in 5-min time steps up to 2 h into the future. The RADVOR procedure comprises several products. One of them is the RV-product, having a temporal resolution of 5 min and a spatial resolution of 1 km 2 [28] (see Table 1 ). The basis for the RV-product is the quality tested RY-product of the RADOLAN procedure [29] . The RV data of May 2016 were generated primarily by the extrapolation of stratiform precipitation fields. Additionally, short-lived, convective structures were also identified [30] . As these high-resolution and area-wide precipitation forecasts are updated every 5 min, the data of rain gauges for adjustment purposes are presently not available [28] .
Data Preparation and Analysis
The real-time radar precipitation products RZ and RY and the real-time radar precipitation forecasting product RV were provided for this study by the DWD. Meanwhile, the RY data are freely available via the open data server of the DWD at the time of the data query for the last two days [31] . The YW-product is freely available, too [20] . These products contain binary coded grid data [32] , which require the appropriate software application for external users. One of these applications is Wradlib, which is an open source library for weather radar data processing. Wradlib is written in the free programming language Python, and assists with reading, converting, and visualizing weather radar data [33] . Additionally to the binary format, the YW-product is also provided in the Geographic Information Systems (GIS)-compatible ASCII format via the open data server of the DWD [20] .
For the reconstruction and the historical forecast modeling, it was necessary to read out and analyze these radar precipitation products. Therefore, a Python script on the basis of Wradlib was written to read and automatically write the precipitation intensities of the RZ-, RY-, and RV-products, as well as a defined area in a CSV file. This file with its calculated precipitation intensities for every minute provides not only the actual precipitation intensities for analytical purposes (see Section 3.1), but also serves as meteorological input data for E 3D. Analytical purposes include the assessment of the intensity of the three storm events in 5-min, 10-min, and one-hour increments ( Table 2) . Correspondingly, heavy rain is characterized by a precipitation amount greater than or equal to 0.8 mm in five minutes and 10 mm in one hour, respectively [34] . Thereby, the three storm events could be classified according to their intensity of precipitation. Subsequently, the storm events were visualized as radar images by means of the YW product in the GIS-compatible ASCII format in the open source GIS QGIS [35] (see Section 3.1.2). Additionally, they were assessed according to the KOSTRA-DWD-2010R. The German term KOSTRA-DWD-2010R is abbreviated from the German 'KOordinierte STarkniederschlagsRegionalisierung und Auswertung des DWD', and is known for the coordinated regionalization and analysis of heavy precipitation by the DWD. This revised raster dataset covering the time period from 1951 to 2010 helps to assess storm events on the basis of their duration of precipitation and according to their return period [36] .
Comparison of Radar Precipitation Data and Rain Gauge Data
The comparison of the indirectly measured radar precipitation data and the actually measured amounts of heavy rain at the rain gauge stations was performed in order to assess the new 5-min YW dataset of the DWD. This assessment enables the selection of the most suitable area-wide radar precipitation product for the two study areas and the most probable model results of the three muddy floods.
The nearest rain gauge station to Reinhardstdorf-Schöna is Lichtenhain-Mittelndorf ( Figure 6 ). This precipitation monitoring station of the DWD is situated 5 km north of the study area and provides amounts of precipitation for every minute. The small town Oberbobritzsch has a rain gauge station situated 1 km south of the study area, and makes daily amounts of precipitation available. The Geosciences 2019, 9, 401 6 of 23 precipitation amounts of the rain gauge stations are freely available via the Open Data Server of the DWD [37, 38] .
High-Resolution Physically-Based Erosion Modeling Using EROSION 3D
E 3D is a physically-and process-based model that simulates the detachment and transport of soil by water in catchments of agricultural landscapes. It is capable of simulating extreme precipitation events. As a computer-aided and grid-based model, it is also compatible with GIS [39] . Furthermore, E 3D has been applied and validated in numerous catchments [17, 19, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Recent publications also deal with the generation of erosion risk maps for Saxony [19, 49, 50, 52] . Depending on the resolution of the input Digital Terrain Model (DTM), these maps-and also the modeled surface runoff maps-can be of high resolution. E 3D is well documented [39] and validated [53] [54] [55] [56] [57] .
Modeling Approach
The theoretical principles of E 3D for simulating rainfall erosion were developed by Schmidt [17, 58] . Initially, these principles were implemented in the model EROSION 2D [17, 59] , which was the slope profile version. In the following years, von Werner developed the catchment area version EROSION 3D, particularly for the prediction of soil erosion in small, ungauged catchments [60] . Thereby, the sub-processes of soil erosion are executed as follows ( Figure 2 ): infiltration of precipitation, runoff generation, detachment of soil particles from the ground, particle and associated pollutant transport, as well as deposition, depending on the transport capacity of the surface runoff and the enrichment of soil particles along the transport path [39] . According to the model's infiltration model, infiltration is modeled using the Green-Ampt approach [61] , and the infiltration rate is calculated with the Darcy equation [17] . Moreover, a flow path model derived from a DTM is used for the spatial distribution of the surface runoff [62] . Thereby, the surface runoff is distributed between the actual raster cell and its adjacent, deeper-lying, direct 8 neighbors, depending on their relative height difference [39] . Finally, particle detachment and transport are simulated by the momentum flux approach by Schmidt [17, 58, 59] via the erosion model. [63] ) and parameterization of EROSION 3D (E 3D) as well as the methods and data sources used by this study. Figure 2 describes not only the individual program sequences of E 3D, but also the model input and output data. E 3D requires three input datasets. A DTM is the basis for the relief dataset. A digital soil and land-use grid is the basis for the soil and land use dataset. Precipitation data with a resolution of 10 min or higher serve as meteorological input data [39] .
YW and RV via Wradlib
Besides the digital soil and land-use grid, the soil and land-use dataset requires the physical soil properties in form of a table.
For modeling soil erosion, seven soil parameters have to be determined (see Figure 2 ): Additionally, E 3D offers the so-called skin factor, which enables to consider initially neglected influences on the infiltration rate such as macropore flow, soil compaction, or soil surface sealing. This skin factor can correct these influences on the infiltration rate [17] . During the soil erosion measurement program for Saxony, an extensive database for the parameterization of the soil parameter table was created by 116 rainfall simulations on erosion-prone slopes [53] [54] [55] [56] [57] . These rainfall simulations are also documented in the parameter catalogue of Saxony [64] and in the freely available database of 726 rainfall simulation experiments for surface runoff from arable land [65] . Thereby, the corresponding soil parameters can be determined depending on the land use, agricultural type of use, soil cultivation, and soil texture. Moreover, these soil data are also included in software for the automated parameterization of soil parameters, the database-processor (DPROC). By means of the DPROC, it is possible to automatically assign the soil parameters of a given Digital Landscape Model (DLM) [66, 67] .
In the case of short-term heavy rain events, E 3D initially models the infiltration, assuming that runoff generation and erosion are predominantly dependent on the soil properties of the top soil layer. This assumption of the one-layer model is not valid in the case of persistent precipitation and shallow soils on water-impermeable subsoils or bedrocks. In these cases, E 3D is able to simulate the infiltration in the underlying subsoils by means of the multiple-layer infiltration-extension [47, 48] .
Model Parameterization
This study utilizes two DTMs with a resolution of 5 m for the generation of the relief datasets of the two study areas. This resolution was chosen to guarantee sufficiently precise erosion and deposition patterns and surface runoff generation in case of a possible warning by an early warning system at a manageable computing time. The basis for the DTM of Reinhardtsdorf-Schöna is a DTM with a resolution of 2 m [68] , which was resampled and downscaled in the open source GIS QGIS [36] . The 10-m DTM of Oberbobritzsch [69] was resampled and upscaled to a resolution of 5 m.
The radar-based precipitation intensities of the YW-data and RV data in 5-min time steps (see Figure 2 ) and a precipitation duration of 2 h serve as meteorological input data for E 3D. Thereby, one RADOLAN grid cell of 1 km 2 for each study area was selected, covering the small ungauged catchments very well. Due to the comparison of radar precipitation data and rain gauge data (see Section 3.1.1), the YW-product was used for the reconstruction of the three muddy floods. The historical forecast was modeled by means of the RV-product.
The required soil and land-use grid of the soil and land-use dataset for both study areas was generated by the union and raster converting of the digitalized land use by means of InVeKoS Online GIS [70] , the WMS digital orthophotos RGB [71] , and the digital soil map 1: 50,000 [23] in ArcGIS [72] (see Figure 2 ). The soil parameters of the soil parameter table were determined according to the parameter catalogue [64] , except for the parameters 'initial soil moisture' and 'cover' (see Figure 2 ). Thereby, the effect of soil surface sealing was considered for determining the skin factor of the soils. As silty soils with a high proportion on coarse silt are sensitive to heavy rain [5], which is indicated in the radar precipitation data of the previous days, it can be expected that soil surface sealing in these silty soils occurred. The soil parameters of missing anthropogenic land uses in the parameter catalogue such as settlements, roads, clear cutting, and skid trails (see Section 2.3.3) were adapted following the later research work of Arévalo [73] and the findings of Zemke [74] (see also [19] ). Furthermore, the multiple-layer infiltration-extension was used in this study due to the shallow soils of the study areas underlain by water-impermeable rock. The parameterization of the soil parameters of the underlying soil layer was adopted following Seidel [47] .
As soil moisture is subject to temporal and spatial fluctuations due to weather and soil conditions [4] , the initial soil moisture was modeled with the water balance model METVER (see Figure 2 ). The term METVER is abbreviated from the German term METeorologisches VERdunstungsmodell, meaning meteorological evaporation model. It is used and updated by the DWD. This model was designed for use in agricultural landscapes, and is able to calculate the daily soil moisture. It is a further development of the model of Müller and Müller [75] [76] [77] , and is based on the determination of real and the potential evaporation. Thereby, the potential evaporation is determined by the method of Wendling and Schellin [78] , which is based on the method of Turc [79] . METVER requires meteorological input data such as daily mean temperature, daily precipitation sum, and sunshine duration, as well as the soil input data soil texture, field capacity, and permanent wilting point for modeling soil moisture [80] . For the initial soil moisture of Reinhardtsdorf-Schöna, the mean value of the soil moisture of the nearest three weather stations (Lichtenhain-Mittelndorf, Dresden-Hosterwitz and Dippoldiswalde-Reinberg) was used. The modeled soil moisture at the weather station of Dippoldiswalde-Reinberg was utilized for the initial soil moisture of Oberbobritzsch.
Derivation of E 3D's Soil Parameter 'Cover' from NDVI
The soil and land-use dataset of E 3D also contains, besides the soil data, information about the actual land use. Figure 3a visualizes the land use of Reinhardtsdorf-Schöna at the time the muddy floods happened. Reinhardtsdorf-Schöna is characterized by different land uses: meadows, forests, settlements, infrastructure, and the river Elbe. The soil texture of the maize fields in the central part of the study area consists of weak clayey silt tending to strong soil surface sealing [5] . At that time, the forest was affected by clear cutting and associated skid trails.
At present, there exists an estimation panel in the parameter catalogue to assess E 3D's soil parameter 'cover' non-automatically. By means of the Normalized Difference Vegetation Index (NDVI) being a reliable method to predict agricultural production [81] , the method was tested to estimate the cover of agricultural fields (see Figure 2 ). Figure 3b illustrates the corresponding NDVI of Reinhardtsdorf-Schöna. The Land Viewer NDVI product, which is a web interface for satellite imagery of the company EOS, was used to derive the E 3D soil parameter 'cover'. By means of the NDVI, sparsely vegetated arable fields were identified. The NDVI reflects the relative biomass, as it is calculated by the red band and the near-infrared band of a satellite scene. There, the red band includes information about chlorophyll absorption, and the near-infrared band includes information about the reflectance of vegetation. The NDVI was acquired from Sentinel-2 on 29 May 2016, and indicates for the bright green maize fields a value of 0.25 [81] . Consequently, the E 3D soil parameter 'cover' can be estimated at 15%. Figure 4a visualizes the land use of Oberbobritzsch. Besides the settlement in the northwestern part of the study area, the land use is dominated by agricultural fields. Summer cereal, rapeseed, spring barley, peas, and maize fields are located between the grey winter cereal fields. The soil of the peas and maize field on the southeastern side of the district road comprises sandy-loamy silts. They tend to middle and strong soil surface sealing [5] . Meadows can be found near the settlement areas and along streams and ponds.
The soil and land-use dataset of E 3D also contains, besides the soil data, information about the actual land use. Figure 3a visualizes the land use of Reinhardtsdorf-Schöna at the time the muddy floods happened. Reinhardtsdorf-Schöna is characterized by different land uses: meadows, forests, settlements, infrastructure, and the river Elbe. The soil texture of the maize fields in the central part of the study area consists of weak clayey silt tending to strong soil surface sealing [5] . At that time, the forest was affected by clear cutting and associated skid trails. At present, there exists an estimation panel in the parameter catalogue to assess E 3D's soil parameter 'cover' non-automatically. By means of the Normalized Difference Vegetation Index (NDVI) being a reliable method to predict agricultural production [81] , the method was tested to estimate the cover of agricultural fields (see Figure 2 ). Figure 3b illustrates the corresponding NDVI of Reinhardtsdorf-Schöna. The Land Viewer NDVI product, which is a web interface for satellite imagery of the company EOS, was used to derive the E 3D soil parameter 'cover'. By means of the NDVI, sparsely vegetated arable fields were identified. The NDVI reflects the relative biomass, as it is calculated by the red band and the near-infrared band of a satellite scene. There, the red band includes information about chlorophyll absorption, and the near-infrared band includes information about the reflectance of vegetation. The NDVI was acquired from Sentinel-2 on 29 May 2016, and indicates for the bright green maize fields a value of 0.25 [81] . Consequently, the E 3D soil parameter 'cover' can be estimated at 15%. Figure 4a visualizes the land use of Oberbobritzsch. Besides the settlement in the northwestern part of the study area, the land use is dominated by agricultural fields. Summer cereal, rapeseed, spring barley, peas, and maize fields are located between the grey winter cereal fields. The soil of the peas and maize field on the southeastern side of the district road comprises sandy-loamy silts. They tend to middle and strong soil surface sealing [5] . Meadows can be found near the settlement areas and along streams and ponds. The corresponding NDVI of the study area ( Figure 4b ) was acquired from Landsat 8 on 7 May 2016 [81] . The dark red maize and peas field indicate a NDVI of 0.1. Accordingly, the E 3D soil parameter 'cover' was estimated at 10%. The corresponding NDVI of the study area ( Figure 4b ) was acquired from Landsat 8 on 7 May 2016 [81] . The dark red maize and peas field indicate a NDVI of 0.1. Accordingly, the E 3D soil parameter 'cover' was estimated at 10%.
Qualitative Model Validation by UAV Monitoring
For this study, the results of the three reconstructed muddy floods modeled with E 3D were qualitatively validated with UAV-based orthophotos (see Figure 2 ). For this, the study areas were mapped with a camera-equipped UAV after the muddy floods happened. For Reinhardtsdorf-Schöna, the UAV flight was performed one day after the last muddy flood, on 1 June 2016. The study area of Oberbobritzsch was monitored by UAV on 31 May 2016, four days after the muddy flood. After the UAV flights, the generated orthophotos were compared to the high-resolution, modeled erosion patterns and sediment source areas.
The UAV used for monitoring was a 'Phantom 2' (quadrocopter) from DJI Innovations (Shenzhen, China). It was equipped with a digital 'PowerShot S100' from Canon (Tokyo, Japan). The camera had image stabilization, allowing it to maintain the stability and quality while acquiring photos. Additionally, an internal GPS receiver allows for initial referencing of the camera positions, and accordingly the surveyed area. About 700 overlapping images were taken to guarantee sufficient overlap for covering the erosion patterns, as well as the sediment source areas.
Subsequently, the overlapping images were processed with Structure from Motion (SfM) photogrammetry and multi-view dense matching methods in Agisoft PhotoScan [82] , which is now Agisoft Metashape. Then, the resulting dense point cloud was used for orthophoto generation.
Results
High-Resolution Radar Precipitation Data and Forecasts
The 5-min radar precipitation products RZ, RY, and YW as well as the radar precipitation forecasting product RV were analyzed concerning their precipitation sum and precipitation intensity, in accordance with rain gauge data. The diagrams and figures of the following subsections describe these analyses of the three storm events on 23 May, 27 May, and 31 May 2016. Figure 5 illustrates the precipitation sum ( P) for the three radar precipitation datasets RZ, RY, and YW, and rain gauge data at the corresponding rain gauge station on 23 May (Lichtenhain-Mittelndorf), 27 May (Oberbobritzsch), and 31 May 2016 (Lichtenhain-Mittelndorf). The precipitation sum for Lichtenhain-Mittelndorf is stated in mm within two hours, and for Oberbobritzsch, it is stated in mm per day. The dashed line marks the measured precipitation at the rain gauge as 100%. The positive or negative deviations from this value are specified for the RZ-product, RY-product, and YW-product. The comparison of rain gauge data with the uncalibrated RZ-product reveals an overestimation of precipitation for two storm events (Figure 5a,b ). On 31 May 2016, the RZ-product underestimated the rain gauge data by 20% (Figure 5c ). In contrast, the quality-tested RY-product had the highest negative percentage in comparison to the rain gauge data for all three storm events (Figure 5a-c) . It provided the lowest precipitation of all three 5-min radar precipitation data. As it was indicated in [11, 19] , RY is of high quality in cases of little to moderate precipitation, but not for storm events with high amounts of rainfall. The reprocessed YW-product also underestimates the rain gauge data, but to a much lower degree (Figure 5a-c) . Overall, the figures vividly illustrate the effect of the adjustment by rain gauges on the YW-product in comparison to the quality-tested RY-product. However, looking at the RZ-product and YW-product on 31 May (Figure 5c ), the RZ-product underestimated the rain gauge data to the lowest degree. This indicates that the uncalibrated RZ-product would have had the most convenient precipitation for 31 May. Considering all three storm events in turn, the overall deviations of the YW-product to rain gauge data are smaller than those of the RZ-product. In conclusion, the YW-product consistently provides the more reliable data in comparison to the rain gauge data for all three storm events. Therefore, the most realistic YW data were used as meteorological input for the soil erosion model E 3D to reconstruct the three muddy floods. In addition, the modeled erosion risk maps of the three storm events represent the most probable reconstructed erosion and deposition patterns generated by the muddy floods.
Comparison of Radar Precipitation Data and Rain Gauge Data
The Storm Events by Radar Images
The 5-min YW data were analyzed and categorized according to their precipitation intensity ( Table 2 ). Figure 6 visualizes the three storm events over Saxony and their most intense 5 min on 23 May, 27 May, and 31 May 2016. It becomes obvious that these storm events differ in their spatial dimension and their distribution of heavy rain. Although the storm events have more or less the same very heavy intensity in 5 min, their duration is different. Figure 6a illustrates one of the precipitation cells of a thunderstorm passing Reinhardtsdorf-Schöna in the evening hours on 23 May 2016. The most intense 5 min had a very heavy intensity of 8.9 mm/5 min. Within one hour, 16.1 mm rain fell, from which 10.7 mm fell within 10 min. After a 15-min pause, another heavy rain cell passed the study area with a precipitation sum having fallen before within 5 min. According to KOSTRA-DWD-2010R [36] , this nearly two-hour storm event may occur in this region every year. However, looking at the duration of precipitation of 5 min, this storm event had a return period of three years.
The situation is completely different for 27 May 2016 (Figure 6b ). The 25-min storm event with 15 min of heavy to very heavy rain occurred over Oberbobritzsch in the late afternoon. Its most intense 5 min had a precipitation amount of 6.0 mm. However, according to KOSTRA-DWD-2010R [36] , this value for the duration of precipitation does not even have a return period of one year in this region. It is the same for the duration of precipitation of 20 min. Figure 6c visualizes the storm event and its most intense 5 min over Reinhardtsdorf-Schöna on the afternoon on 31 May 2016. This event was shorter than that on 23 May 2016, but with more precipitation and longer heavy and very heavy rain. It rained heavily to very heavily for 40 min. Within one hour, 28.5 mm of rain had fallen, corresponding to a return period in this region of three years [36] . Though, its most intense 5 min with 6.0 mm may occur every year. However, looking at the probably more suitable data for this storm event, the RZ-product (see Section 3.1.1), 54.2 mm of rain fell within one hour (see also [19] ). This corresponds to a heavy rain event occurring every 100 years [36] , and reveals a large discrepancy between both 5-min sets of radar precipitation data.
The Radar Precipitation Forecasts
The following analyses of the radar precipitation forecasting product RV are supposed to show whether a forecast would have been possible. Figure 7 represents for all three storm events the precipitation sum ( P) of the RV-product for every forecast being generated 2 h before the most intense 5 min of the storm event. It is shown in Figure 7a that a precipitation event with a precipitation sum of almost 22 mm was already predicted one hour and 15 minutes (at 6:05 PM) before the actual storm event over Reinhardtsdorf-Schöna on 23 May 2016. After that forecast, the precipitation sum of the RY-product was not attained again by the RV-product. Looking at Figure 7b , it becomes obvious that the predicted precipitation sums were only attained with the actual storm event over Oberbobritzsch on 27 May 2016 at 4:15 PM. Figure 7c reveals a similar situation for Reinhardtsdorf-Schöna on 31 May 2016. The forecasted precipitation sums underestimate the RY-product completely. Figure 8 demonstrates the maximum precipitation intensities (Pi max) of the RV-products for all three storm events 2 hours in advance. Additionally, the time of occurrence (tmax) is stated at which these maximum intensities are predicted. It is shown in Figure 7a that a precipitation event with a precipitation sum of almost 22 mm was already predicted one hour and 15 min (at 6:05 PM) before the actual storm event over Reinhardtsdorf-Schöna on 23 May 2016. After that forecast, the precipitation sum of the RY-product was not attained again by the RV-product. Looking at Figure 7b , it becomes obvious that the predicted precipitation sums were only attained with the actual storm event over Oberbobritzsch on 27 May 2016 at 4:15 PM. Figure 7c reveals a similar situation for Reinhardtsdorf-Schöna on 31 May 2016. The forecasted precipitation sums underestimate the RY-product completely. Figure 8 demonstrates the maximum precipitation intensities (P i max ) of the RV-products for all three storm events 2 h in advance. Additionally, the time of occurrence (t max ) is stated at which these maximum intensities are predicted.
Although the precipitation sums of the RY-product were underestimated by the forecast on 31 May, the forecasted precipitation intensities were attained 15 min in advance (Figure 8c ). Therefore, a forecast of the muddy flood would have been possible 15 min in advance on 31 May 2016. Since radar detects precipitation earlier than the rain gauge station on the ground [19, [83] [84] [85] , this time buffer increases a possible warning time. The intensities predicted for 7:10 PM at 6:05 PM on 23 May 2016 exceeded the intensities of the actual RY data (Figure 8a) . However, all the other predicted intensities were below the actual RY intensities. Therefore, a forecast would have been possible on 23 May at 6:05 PM and 6:10 PM with 75 min in advance, plus the time buffer due to radar measurements. Looking at Figure 8b , the actual RY intensity was not even attained by the predicted intensities at the time of the storm event on 27 May 2016. Consequently, the forecast of this storm event was not modeled by E 3D. This also means that although the RY-product is the basis for the radar precipitation forecasting product RV, its sums and intensities were not attained. Overall, as seen in Section 3.1.1, the precipitation sums and intensities of the YW-product are significantly higher than those of the RY-product. Thereby, the YW-product would underestimate the forecasts of the RV-product even more than the RY-product.
indicates the time of the most intense 5 minutes in the RY-data.
It is shown in Figure 7a that a precipitation event with a precipitation sum of almost 22 mm was already predicted one hour and 15 minutes (at 6:05 PM) before the actual storm event over Reinhardtsdorf-Schöna on 23 May 2016. After that forecast, the precipitation sum of the RY-product was not attained again by the RV-product. Looking at Figure 7b , it becomes obvious that the predicted precipitation sums were only attained with the actual storm event over Oberbobritzsch on 27 May 2016 at 4:15 PM. Figure 7c reveals a similar situation for Reinhardtsdorf-Schöna on 31 May 2016. The forecasted precipitation sums underestimate the RY-product completely. Figure 8 demonstrates the maximum precipitation intensities (Pi max) of the RV-products for all three storm events 2 hours in advance. Additionally, the time of occurrence (tmax) is stated at which these maximum intensities are predicted. Although the precipitation sums of the RY-product were underestimated by the forecast on 31 May, the forecasted precipitation intensities were attained 15 minutes in advance (Figure 8c ). Therefore, a forecast of the muddy flood would have been possible 15 minutes in advance on 31 May 2016. Since radar detects precipitation earlier than the rain gauge station on the ground [19, [83] [84] [85] , this time buffer increases a possible warning time. The intensities predicted for 7:10 PM at 6:05 PM on 23 May 2016 exceeded the intensities of the actual RY data (Figure 8a) . However, all the other predicted intensities were below the actual RY intensities. Therefore, a forecast would have been possible on 23 May at 6:05 PM and 6:10 PM with 75 minutes in advance, plus the time buffer due to radar measurements. Looking at Figure 8b , the actual RY intensity was not even attained by the predicted intensities at the time of the storm event on 27 May 2016. Consequently, the forecast of this storm event was not modeled by E 3D. This also means that although the RY-product is the basis for 
High-Resolution Physically-Based Erosion Modeling Using EROSION 3D
Reconstruction and Qualitative Validation of the Muddy Floods
The following figures firstly describe the sediment budget of the three reconstructed muddy floods as erosion risk maps created by the soil erosion model E 3D, and secondly the corresponding orthophoto as a result of UAV monitoring. The high-resolution physically-based erosion modeling was performed with the 5-min radar precipitation YW-product. By means of the orthophoto acquired after the muddy floods occurred, the model results could be qualitatively validated. Figure 9 visualizes the modeled erosion risk maps with the YW-product of Reinhardtsdorf-Schöna for 23 May 2016 and 31 May 2016 and the corresponding orthophoto. Red to yellow colors indicate loss, and light green to dark green colors indicate deposition of the soil particles on the underlying land use. Both maps (Figure 9a,b) reproduce the main flow routes of sediment-laden water on the maize field, as it is evidenced in the orthophoto (Figure 9c ). The effect of tillage direction on the flow direction of the muddy runoff, which was parallel to the slope at that time, is not verified in the orthophoto. Therefore, the tillage direction was not modeled with E 3D. Furthermore, the orthophoto matches the course of the muddy runoff being modeled by the flow path model and the determined soil parameters of E 3D. The modeled muddy runoff from the field entered the narrow meadow strip in front of the forest and the steeply sloping forest. Moreover, the sediment source areas are visible and identifiable. Overall, the E 3D model results could be satisfactorily validated in their spatial context.
The modeled erosion risk maps (Figure 9a,b) show the main flow routes of muddy runoff in the forest and its deposition on the railway line and the meadows behind the tracks. The deposition amounts to a 200-m length along the tracks. Figure 9a and 9b describe another deposition on the railway line, at a culvert draining excessive waters. However, E 3D cannot model culverts, and consequently, the model incorrectly resulted in deposition on the railway line at this point. Additionally, the deposition modeled on the meadows was not reported [8] . This is because the low height of the railway tracks cannot be modeled with E 3D. Finally, Figure 9b reveals another sedimentation in the northern forest, which did not reach the railway line. This is evidenced by a picture resulting from an inspection of the study area ( Figure 10 ). However, this picture was taken after the first muddy flood happened, on 29 May 2016. However, Figure 9a does not describe such a long deposition in the northern forest.
It indicates that the amounts of precipitation of the YW-product for 23 May 2016 were presumably a little too low to result in a longer downhill deposition. picture resulting from an inspection of the study area ( Figure 10 ). However, this picture was taken after the first muddy flood happened, on 29 May 2016. However, Figure 9a does not describe such a long deposition in the northern forest. It indicates that the amounts of precipitation of the YWproduct for 23 May 2016 were presumably a little too low to result in a longer downhill deposition. Figure 10 . Another deposition of mud, tree trunks, and stones behind the railway lines, photographed on 29 May 2016 [86] . Figure 11 describes the modeled erosion risk map of Oberbobritzsch for 27 May 2016 and the corresponding orthophoto. Erosion patterns particularly occurred on the peas and maize field. These erosion patterns predominantly indicate sheet erosion phenomena. The modeled linear erosion gully is evidenced in the orthophoto. Moreover, the modeled deposition is located north of the district road, directly after the muddy runoff has left the winter cereal field (Figure 11a ). However, the muddy runoff flowed down the district road to Oberbobritzsch in a northeastern direction [10] . Figure 10 . Another deposition of mud, tree trunks, and stones behind the railway lines, photographed on 29 May 2016 [86] . Figure 11 describes the modeled erosion risk map of Oberbobritzsch for 27 May 2016 and the corresponding orthophoto. Erosion patterns particularly occurred on the peas and maize field. These erosion patterns predominantly indicate sheet erosion phenomena. The modeled linear erosion gully is evidenced in the orthophoto. Moreover, the modeled deposition is located north of the district road, directly after the muddy runoff has left the winter cereal field (Figure 11a ). However, the muddy runoff flowed down the district road to Oberbobritzsch in a northeastern direction [10] .
Forecast of the Muddy Floods
Due to the preceding analyses of the radar precipitation forecasting product (see Section 3.1.3), Figure 12a ,b visualize the forecasted erosion risk map and the corresponding surface runoff map modeled with the historical real-time RV-product at 6:05 PM for 23 May 2016. The modeled erosion risk map (Figure 12a ) visualizes the aforementioned erosion and deposition patterns (Figure 9a,b) . It vividly shows that with these forecasted radar precipitation amounts of the RV-product, which are similar to the RY data, the corresponding erosion and deposition patterns of the YW-product can be obtained. The modeled surface runoff amounts up to almost 16 m 3 /m at the entry point of runoff on the railway line. 
Discussion
The comparison of the 5-min radar precipitation data and rain gauge data for all three storm events was performed in order to select the most suitable area-wide precipitation product for the study areas and the most probable model results. The analysis revealed that the quality-tested RY-product provides the lowest amounts of precipitation (Figure 5a-c) . Although it is currently the best 5-min radar precipitation product resulting from the only processing of radar data, the analysis indicates again its unsuitability in cases of high amounts of precipitation [11, 19] . The precipitation data of the unadjusted RZ-product show for all three storm events overall greater deviations from the rain gauge data than the YW-product. However, looking at the storm event on 31 May 2016 (Figure 5c ), the RZ-product underestimates the rain gauge data to the lowest degree. Therefore, it indicates most likely the most convenient precipitation for 31 May 2016. However, after assessing the RZ-products and YW-products according to the KOSTRA-DWD-2010R, the discrepancy between a heavy rain event occurring every 100 years (RZ) and one occurring every three years (YW) remains large. Consequently, the YW-product consistently provides the more reliable data in comparison to the rain gauge data for the data series of three storm events. In conclusion, it was chosen as the meteorological input data for the soil erosion model E 3D to reconstruct the muddy floods.
According to the analyses of the real-time radar precipitation forecasting product RV, it becomes obvious that the precipitation sums and intensities of the RY-product were rarely matched over the lead time of two hours. However, with matching, a forecast of the storm event and a potential muddy flood would be possible. Two of the storm events were predicted, while one could not be predict. The evening storm on 23 May 2016 would have been forecasted with a lead time of 75 min plus the time buffer due to radar measurement. On 31 May 2016, a forecast of a potential muddy flood would have been also possible 15 min in advance plus the time buffer. Due to the missing matches of the forecasted precipitation amounts and intensities of the RV-product with actual RY data on 27 May 2016, a forecast would have been impossible. These missing matches between real-time radar precipitation forecasts and actual real-time radar precipitation data may arise from the currently available procedures of radar tracking being only modules of extrapolation. Thus, the development of precipitation intensities of rainfall cells in forecasting procedures is not considered yet [30] . Overall, the YW-product, with its higher amounts of precipitation, would be even more underestimated by the forecasts of the RV-product than those of the RY-product.
The reconstructed erosion patterns on the erosion risk maps modeled by E 3D are consistent with the UAV-based orthophoto for all three muddy floods. Thereby, the model results could be qualitatively validated in their spatial context. The model results for 23 and 31 May 2016 indicate soil deposition on the railway line over a length of 200 m (Figure 9a,b) . As reported by Hebenstreit [87] , the deposition was longer: up to 400 m on 23 May 2016 and 500 m on 31 May 2016. Although E 3D cannot model culverts and despite the low height differences between the railway track and track bed, the deposition of the soil particles was satisfactorily simulated. Therefore, the entry point of sediment is locatable. The incorrectly located deposition from the muddy runoff for the modeled muddy flood on 27 May 2016 ( Figure 11a ) is a result of the coarse resolution of the DTM. The low height differences between the arable field and road could not be adequately reproduced by a DTM with a resolution of 5 m.
The forecasted erosion risk maps modeled by E 3D for 23 May 2016 and 31 May 2016 vividly show that with the radar precipitation amounts of the RV-product, which are similar to the RY data, the similar erosion and deposition patterns of the YW-product can be obtained. Additionally, with the corresponding surface runoff maps, the entry point of runoff of a potential muddy flood could be localized.
Conclusions
The analyzed storm events differ in their distribution of heavy rain and spatial dimension. According to the KOSTRA-DWD-2010R [36] , they can occur every year in these regions according to the YW-product. In the case of the storm event on 31 May 2016, the return period amounts to 3 years. Therefore, the risk for the development of potential muddy floods on sparsely vegetated arable fields exists every year in the investigated areas. Especially, it increases in the case of the silty soils of the study areas tending to soil surface sealing and crusting.
The modeling of the three muddy floods by E 3D and the new YW-product resulted in a satisfactory reconstruction according to the monitored and qualitatively validated erosion and deposition patterns. This reconstruction and the analyses of all three 5-min radar precipitation data (see Section 3.1.1) indicate that adjusted radar products are currently more suitable for storm events than those resulting from the only processing of radar data. Thereby, the more convenient precipitation data of the RZ-product for 31 May 2016 were initially neglected due to the decision for a consistent data series of three storm events. However, this needs to be taken into account for a potential further development of 5-min radar precipitation data. Although the YW-product pertains to a reprocessed dataset, its precipitation intensities are closer to reality due to quasi-gauge adjustment. Presently, the DWD provides qualitatively improved RZ data and RY data due to the conversion to new dual-polarization radar systems [88, 89] . Thereby, the analysis and estimation of radar precipitation amounts without the adjustment to rain gauge data should be improved. Moreover, the precipitation sums and intensities of the forecasted RV-product rarely attained the actual precipitation data of the RY-product over the lead time of two hours. Here, the DWD is currently testing a new nowcasting-system with the aforementioned dual-pol data, which is the basis for a new RV-product, and new tracking and forecasting procedures [90] .
The forecasts of two muddy floods could be modeled by means of E 3D and high-resolution radar precipitation forecasts. Accordingly, the method of a historical forecast modeling of muddy floods in ungauged catchments of agricultural landscapes works satisfactorily. Therefore, as ungauged catchments have no accurate runoff and sediment budget data due to missing measurement stations, the prediction of muddy floods by means of E 3D and its modeling of soil erosion on the basis of physical processes seems to be a promising method. Naturally, the data series of three muddy floods should be extended to more forecasts of muddy floods for statistical analysis and statements. Furthermore, with forecasted erosion risk and surface runoff maps, the localization of sediment and runoff entry points is possible. Thereby, prevention and mitigation measures such as emergency measures, retention ponds, and dams could be located.
However, for the development of a real-time muddy flood early warning system in order to be a useful tool for decision makers in a possible disaster situation, future research should firstly focus on the derivation of soil parameters from other databases of rainfall simulation experiments. With the appropriate input parameters, it will become possible to extend the application of E 3D and its simulation of soil erosion in principle to every catchment. Moreover, for the future development of E 3D, the modeling of culverts and small topographic changes must be taken into account, as they are typical for railway lines. Furthermore, future research should also tackle the automated estimation of the E 3D model parameter 'cover' from satellite data. At present, there exists an estimation panel in the parameter catalogue to assess this soil parameter non-automatically. As the NDVI was tested successfully as a possible method to estimate the cover of agricultural fields, it seems to be a promising tool for automatic processing. Subsequently, the development of automated process chains and interfaces should be realized. Besides the development of a real-time muddy flood early warning system, it is also conceivable to generate a real-time muddy flood monitoring and simulating system for decision makers in sustainable watershed management, land-use planning, and politics. Overall, these potential developments should also be tested with the newly provided 5-min radar precipitation data and forecasts of the DWD.
